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We have investigated the magnetic and transport properties of a ternary intermetallic compound
PrRuSi3 using dc magnetization, ac susceptibility, specific heat, electrical resistivity, neutron diffrac-
tion, inelastic neutron scattering and µSR measurements. The magnetic susceptibility and specific
heat data reveal the signatures of spin-glass behavior in PrRuSi3 with a freezing temperature of
9.8 K. At low magnetic fields, we observe two sharp anomalies (at 4.9 and 8.6 K) in magnetic
susceptibility data. In contrast, the specific heat data show only a broad Schottky-type anomaly
centered around 10 K. However, µSR reveals very low frequency coherent oscillations at 1.8 K
with an onset of fast relaxation below 12 K indicating a long range magnetically ordered ground
state with very small moment. On the other hand, no magnetic Bragg peaks are observed in low
temperature neutron diffraction data at 1.8 K. These two contradictory ground states, spin-glass
versus magnetic order, can be explained if the spin-glass behavior in PrRuSi3 is considered due to
the dynamic fluctuations of the crystal field levels as has been proposed for spin-glass behavior in
PrAu2Si2. Two sharp inelastic excitations near 2.4 meV and 14.7 meV are observed in the inelastic
neutron scattering (INS) spectra between 4 K and 50 K. Further, exchange coupling Jex obtained
from the analysis of INS data with CEF model provides evidence for the spontaneously induced
magnetic order with a CEF-split singlet (Γt4) ground state. However, the exchange coupling seems
to be close to the critical value for the induced moment magnetism, therefore we tend to believe
that the dynamic fluctuations between the ground state singlet and excited doublet CEF levels is
responsible for spin-glass behavior in PrRuSi3.
PACS numbers: 75.50.Lk, 71.70.Ch, 78.70.Nx, 76.75.+i
I. INTRODUCTION
Frustrated systems can present a wide range of physical
phenomena due to more configuration options than the
ordered systems, and, as such have been paid particular
attention in recent past and these systems have emerged
as a topic of contemporary research in condensed mat-
ter physics.1–11 Spin-glass systems are characterized by
a random frozen spin orientation below a characteristic
freezing temperature and present a nice example of frus-
trated magnetism. In contrast to a unique ground state
found in conventional collective systems, spin-glass sys-
tems possess a multitude of possible disordered ground
states and freeze into one of them. Investigations into
spin-glass systems have shown that frustration and ran-
domness are the key ingredients for spin-glass behavior.
The crystallographic disorder in a magnetic system may
cause frustration of the magnetic moments leading to
spin-glass behavior. However, for a well-ordered crystal
structure there is no obvious source of frustration to mag-
netic moments and, therefore, one would not expect spin-
glass behavior in crystallographically ordered compounds
(except for the specific class of geometrically frustrated
lattice, i.e. due to antiferromagnetic coupling among the
magnetic moments in a triangular lattice). For this rea-
son research into spin-glass behavior in magnetic sys-
tems has been generally focused on geometrically frus-
trated kagome (two dimensional) and pyrochlore (three-
dimensional) lattices.12
However, the recent observations of spin-glass behav-
ior in the well-ordered stoichiometric intermetallic com-
pounds URh2Ge2
13 and PrAu2Si2
14 have brought further
scope and insight into the mechanism of spin-glass behav-
ior. The spin-glass behavior in URh2Ge2 was explained
in terms of the site disorder on the rhodium and ger-
manium sublattices and, extended annealing was found
to remove the disorder resulting in an antiferromagnet-
ically ordered state.15 In contrast, the spin-glass behav-
ior in PrAu2Si2 was found to persist despite extended
annealing. This suggests that the spin-glass behavior
in PrAu2Si2 is not driven by the crystallographic dis-
order. A novel mechanism due to the dynamic fluctu-
ations of the crystal field levels has been proposed to
be responsible for the frustration of the magnetic mo-
ments in PrAu2Si2.
16 In this paper we present another
example of well-ordered stoichiometric intermetallic sys-
tem PrRuSi3 that exhibit the signatures of spin-glass be-
havior most likely through the dynamic fluctuations of
the crystal field levels. Further, the spin-glass state in
PrRuSi3 is found to compete with the spontaneously in-
duced magnetic order with a CEF singlet ground state.
Its Ce-analog, CeRuSi3 is reported to exhibit no mag-
netic order down to 2 K both for polycrystalline and sin-
gle crystal samples.17,18 A broad maximum is observed in
the magnetic susceptibility of CeRuSi3 near 150 K which
indicates the presence of strong hybridization between
the 4f and conduction electrons.
2II. EXPERIMENTAL
Polycrystalline samples of PrRuSi3 and its nonmag-
netic analog LaRuSi3 were prepared using standard arc
melting technique on a water cooled copper hearth un-
der the titanium gettered inert argon atmosphere using
the high purity elements (Pr,La: 99.9%, Ru: 99.99%,
Si: 99.999%) in stoichiometric ratio. During the melting
process the samples were flipped and remelted several
times to achieve homogeneity. Further, to improve ho-
mogeneity and phase formation, and reduce disorder (if
any present) the as-cast samples were wrapped in tan-
talum foil and annealed for a week at 900 oC under the
dynamic vacuum. The crystal structure and phase purity
were checked by the powder X-ray diffraction (XRD) and
scanning electron microscopy (SEM). The stoichiometry
was checked by the energy dispersive X-ray (EDAX) com-
position analysis. A commercial SQUID magnetometer
(MPMS, Quantum-Design) was employed for magnetiza-
tion measurements. Specific heat was measured by the
relaxation method in a physical properties measurement
system (PPMS, Quantum-Design). Electrical resistivity
was measured by standard four-probe ac technique using
the PPMS. The µSR measurements were performed in
longitudinal geometry using the MuSR spectrometer at
ISIS facility of the Rutherford Appleton Laboratory, Did-
cot, UK. Since silver gives a non-relaxing muon signal we
used a silver holder (purity 4N) for mounting the sample.
The stray fields at the sample position were cancelled
to within 1 µT by using correction coils. The neutron
scattering experiment was performed on the powdered
PrRuSi3 sample in the temperature range 4 to 50 K us-
ing the MARI time of flight spectrometer at ISIS. The
powdered sample was mounted by wrapping the sample
in a thin Al-foil inside a thin walled Al-can. The low tem-
perature was achieved using He-exchange gas with a top-
loading closed cycle refrigerator. The data were collected
using the neutron incident energy Ei = 6, 20 and 40 meV.
The neutron diffraction measurements were performed
on the powdered sample using the G4.1 diffractometer
at LLB, Saclay. The neutron diffraction data were col-
lected at 1.8 and 25 K using the neutrons of wavelength
2.423 A˚.
III. RESULTS AND DISCUSSION
The analysis of powder X-ray diffraction data reveals
that PrRuSi3 crystallizes in the BaNiSn3-type tetragonal
structure (space group I4 mm). Fig. 1 shows the XRD
pattern together with the two-phase Rietveld refinement
profile fit, which indicates a well crystallographic ordered
structure and the single phase nature of sample, the im-
purity phase identified as PrSi2 is very small (1.54 % in
volume fraction, equivalent to 2.19 % mole fraction). The
lattice parameters were found to be a = 4.213(1) A˚ and c
= 9.923(1) A˚. The crystallographic parameters obtained
from the Rietveld refinement of PrRuSi3 are listed in Ta-
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FIG. 1. (colour online) Powder X-ray diffraction pattern
of PrRuSi3 recorded at room temperature. The solid line
through the experimental points is the two-phase Rietveld
refinement profile calculated for BaNiSn3-type tetragonal
(space group I4 mm) and ThSi2-type tetragonal (space group
I41/amd) structural model. The vertical bars indicate the
Bragg positions of both the phases. The lowermost curve
represents the difference between the experimental data and
calculated results.
TABLE I. Crystallographic parameters for PrRuSi3 deter-
mined from the full structure refinement of powder X-ray
diffraction data using Fullprof software.
Structure BaNiSn3-type tetragonal
Space group I4 mm (No. 107)
Crystal parameters
a 4.213(1) A˚
c 9.923(1) A˚
Vcell 176.01(1) A˚
3
Atomic Coordinates
Atom (site) x y z
Pr (2a) 0 0 0.5778(13)
Ru (2a) 0 0 0.2343(14)
Si1 (2a) 0 0 0
Si2 (4b) 0 0.5 0.3439(18)
ble I. LaRuSi3 also crystallizes in similar BaNiSn3-type
tetragonal structure (space group I4 mm) with lattice
parameters a = 4.263(1) A˚ and c = 9.944(1) A˚. For the
best fits the least squares refinement gave the value of χ2
= 1.84 and 1.47 respectively for PrRuSi3 and LaRuSi3.
The single phase nature of PrRuSi3 and LaRuSi3 samples
were further confirmed by the high resolution SEM (scan-
ning electron microscopy) images, and the EDAX compo-
sition analysis confirmed the desired 1:1:3 stoichiometry.
The impurity phase PrSi2 which forms in ThSi2-type
tetragonal (space group I41/amd) at room temperature
is reported to exhibit ferromagnetic order below 11 K fol-
lowed by another transition near 7 K, and undergoes a
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FIG. 2. (colour online) The zero field cooled dc magnetic
susceptibility χ(T ) of PrRuSi3 as a function of temperature
in the temperature range 2 – 300 K measured in a field of 0.1
T. The solid line represents the fit to Curie-Weiss behavior.
The upper inset shows the expanded view of low temperature
susceptibility measured at different applied magnetic fields.
The lower inset shows the zero field cooled (ZFC) and field
cooled (FC) susceptibility data at 2.5 and 10 mT.
structural phase transition to GdSi2-type orthorhombic
structure (space group Imma) below 153 K.19–21 Coinci-
dentally the dc magnetic susceptibility of our compound
PrRuSi3 also exhibits two sharp anomalies at 8.6 K and
4.9 K which are very close to what have been observed in
PrSi2. However, we do not observe any signature of fer-
romagnetic order in low temperature neutron diffraction
data which suggests that the effect of impurity phase
PrSi2, if any, is very small. In fact from a systematic
study of ac and dc magnetic susceptibility, specific heat,
electrical resistivity, inelastic neutron scattering and µSR
data we have found evidence of an induced moment spin-
glass type behavior in this compound. The reproducibil-
ity of results have been checked by the magnetic suscep-
tibility and specific heat measurements on two different
batches of samples (having different impurity phases) and
we believe that the small impurity content does not in-
fluence the results and conclusions derived on the bulk
properties of PrRuSi3 which we present in this paper.
Results obtained from the dc magnetization measure-
ments are shown in Fig. 2 and Fig. 3. At low fields (e.g.,
at 0.01 T) the low temperature magnetic susceptibility
data clearly show two well defined anomalies at 8.6 K
and 4.9 K (insets in Fig. 2). While with an increase in
applied magnetic field the 4.9 K anomaly becomes more
pronounced, the anomaly at 8.6 K gets smoothened, how-
ever, no change is observed in the temperature at which
this anomaly occurs. The nature of these transitions
at 4.9 K and 8.6 K is not clear from the temperature
dependent dc magnetic susceptibility data, however the
ac susceptibility and specific heat measurements as dis-
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FIG. 3. (colour online) The dc isothermal magnetization
M(B) as a function of magnetic field measured at constant
temperatures of 2, 6, 12 and 20 K.
cussed later hint for a signature of spin-glass type behav-
ior in this compound. Further, the behavior of magnetic
anomaly at 4.9 K suggests that an increase in the mag-
netic field causes the spin alignment and the 4.9 K tran-
sition might be related to spin reorientation. On further
increase in applied magnetic field, at an applied field of
0.5 T both the anomalies in the susceptibility are hardly
detectable and susceptibility tends to saturate. In the
lower inset of Fig. 2 we have plotted the zero field cooled
(ZFC) and field cooled (FC) dc susceptibility data as a
function of temperature at an applied field of 2.5 mT
and 10 mT. The splitting of FC and ZFC susceptibility
data can be taken as the first indication for the spin-
glass behavior in this compound. The splitting of FC
and ZFC susceptibility sets in at T = 9.8 K defining the
quasi-static freezing temperature (Tf ) for the spin-glass
transition. The high temperature magnetic susceptibil-
ity data are consistent with the Curie-Weiss behavior,
χ(T ) = C/(T − θp). From the fit to the inverse suscepti-
bility data above 50 K (solid line in Fig. 2), we obtain an
effective moment µeff = 3.41 µB and Curie-Weiss tem-
perature θp = −10.0 K. The value of effective moment
obtained is very close to the theoretically expected value
of 3.58 µB for Pr
3+ free ions. Fig. 3 shows the isother-
mal magnetization data as a function of magnetic field
measured at constant temperatures of 2, 6, 12 and 20 K.
The isotherms exhibit almost a linear field dependence
and attain a value of ∼ 0.9 µB at 7 T at 2 K which is
very small compared to the theoretical saturation mag-
netization of 3.2 µB, which indicates the presence of the
crystal field effect that will split the 4f multiplet ground
state of the Pr-ion (J = 4).
In Fig. 4 we have shown the time dependence of the
thermo-remnant magnetization (TRM), M(t) which we
recorded at 2 K, the sample was cooled in a magnetic
field of 0.05 T from 50 K (well above Tf ) to 2 K and
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FIG. 4. (colour online) The time dependence of thermo-
remnant magnetization (TRM), M(t) recorded at 2 K after
switching off the cooling magnetic field of 0.05 T. The solid
line is the fit to the superposition of a stretched exponential
and a constant term. The inset shows the semi-log plot of the
thermo-remnant magnetization. The solid lines in the inset
are the guide to eyes.
the field-cooled isothermal remanence magnetization was
measured after switching off the magnetic field. It is in-
teresting to note that the magnetization does not become
zero immediately after switching off the applied field as
one expects for a normal antiferromagnetic order sys-
tem, but it decays slowly with time as observed for many
spin-glass systems.1 The non zero value of the magnetiza-
tion after 70000 s, indicates frozen spin dynamics which
transforms from one spin configuration to another spin
configuration with time. Many models have been pro-
posed to describe the time dependence of magnetization
relaxation in spin-glasses,22–26 the logarithmic relaxation
decay, M(t) = M0 − Slog(t) and the stretched exponen-
tial decay M(t) = M0exp[−(t/τ)
1−n] are the most com-
mon in literature. The inset of Fig. 4 shows the semi-log
plot of TRM data, the data significantly deviates from
the ideal linear behavior, probably due to the aging time
effects.25 This suggests that a logarithmic relaxation de-
cay is not a good choice for our data and the relaxation
of thermo-remnant magnetization in PrRuSi3 is much
slower. A superposition of a stretched exponential and
a constant term is found to represent the experimentally
observed TRM data very well,
M =M0 +M1exp[−(t/τ)
1−n]
where the additional constant term is interpreted as the
longitudinal spontaneous magnetization coexisting with
the frozen transverse spin component.27 The solid line
in Fig. 4 represents the fit to this expression, the best
fit parameters are M0 = 53.03 emu/mole, M1 = 2.53
emu/mole, mean relaxation time τ = 13357 s and n =
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FIG. 5. (colour online) The temperature dependence of the
real part of ac magnetic susceptibility of PrRuSi3 measured
at different frequencies.
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FIG. 6. (colour online) The temperature dependence of the
imaginary part of ac magnetic susceptibility of PrRuSi3 mea-
sured at different frequencies.
0.62.
In order to get further information about the magnetic
behavior of PrRuSi3 we also measured the ac magnetic
susceptibility at different frequencies. The real and imag-
inary parts of ac magnetic susceptibility are shown in
Fig. 5 and Fig. 6, respectively. At 11 Hz the real part of
ac susceptibility χ′ac shows two sharp peaks at 5.7 K and
9.8 K. While there is no change in the peak position of
the 5.7 K anomaly with frequency up to 10 kHz, the 9.8
K (11 Hz) peak shifts to 10.0 K at 919 Hz and remains
unchanged up to 10 kHz. This frequency dependence is
reminiscent of a spin glass. The imaginary component
of ac susceptibility χ′′ac shows only one peak near 9.8 K
which is independent of frequency and there is almost
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FIG. 7. (colour online) The temperature dependence of spe-
cific heat data of LaRuSi3 and PrRuSi3 measured in different
magnetic fields.
no noticeable anomaly (except a weak change in slope)
near 5.7 K. The maximum of χ′′ac can be taken as the
freezing temperature (Tf ) of spin-glass behavior. How-
ever, the extremely weak (almost negligible) frequency
dependence of ac susceptibility maximum suggests that
the PrRuSi3 is a non-canonical spin-glass system. For
a canonical spin-glass system one expects an increase in
transition temperature with increasing frequency, charac-
terized by δTf = ∆Tf/Tf∆logf , for most of the canoni-
cal spin-glass system δTf is found to lie in between 0.0045
and 0.06.1 The 5.7 K anomaly in χ′ac can be attributed
to the transition to a further frozen spin-glass state.
The specific heat data of PrRuSi3 and LaRuSi3 are
shown in Fig. 7. The specific heat of PrRuSi3 shows a
very broad anomaly with a maximum near 10 K which
we believe is due to crystal field effects. We do not see
any sharp anomaly near 4.9 K or 8.6 K which would sug-
gest a magnetic phase transition corresponding to the
peaks in dc magnetic susceptibility data. With the ap-
plication of magnetic field, the specific heat anomaly be-
comes broader and the position of maximum increases
in temperature. The fact that the specific heat anomaly
persists up to the investigated field of 9 T clearly rules
out the possibility of the anomaly being related to a
magnetic phase transition. The absence of the mag-
netic phase transition in specific heat is consistent with
the spin-glass type behavior. The specific heat data of
LaRuSi3 does not show any anomaly down to 2 K and the
low temperature data have a temperature dependence of
C = γT + βT 3 with the Sommerfeld coefficient γ ∼ 5
mJ/mole K2. In contrast, the specific heat of PrRuSi3
does not obey the C = γT + βT 3 temperature depen-
dence, the Sommerfeld coefficient γ of PrRuSi3 seems
enhanced due to the crystal field effect with a C/T value
of ∼ 93 mJ/mole K2 at 2 K. An extrapolation of low
temperature specific heat data gives a rough estimate of
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FIG. 8. (colour online) The temperature dependence of mag-
netic contribution to the specific heat and entropy of PrRuSi3
at zero field. The solid line shows the fit based on the crys-
tal field model obtained from the inelastic neutron scattering
data.
γ ∼ 58 mJ/mole K2 for PrRuSi3.
The magnetic contributions to the specific heat and
entropy of PrRuSi3 are shown in Fig. 8. The mag-
netic contribution to specific heat was obtained by sub-
tracting the lattice contribution from the specific heat of
PrRuSi3 which we took roughly equal to the specific heat
of LaRuSi3. The magnetic entropy was obtained by inte-
grating the Cmag/T vs. T plot. The broad Schottky-type
anomaly observed in Cmag is reasonably reproduced with
the crystal field analysis. The solid line in Fig. 8 repre-
sents the fit to Cmag data with the crystal field scheme
obtained from the inelastic neutron scattering data dis-
cussed later. The ground state is a singlet and the first
excited state is also a singlet at ∼ 22 K, the second ex-
cited state being a doublet at ∼ 28 K. The temperature
dependence of magnetic entropy is consistent with the
singlet ground state and attains a value of Rln2 near
12 K and Rln3 near 22 K which supports the proposed
crystal field scheme (the excess entropy being the contri-
bution from higher excited states). The enhancement of
Sommerfeld coefficient γ can thus be understood in terms
of excitonic mass enhancement due to low lying crystal
field excitations as suggested in references 28 and 29 for
a system with CEF-split singlet ground state.
Figure 9 shows the electrical resistivity data of PrRuSi3
measured in different applied magnetic fields. Above 50
K the electrical resistivity exhibit metallic behavior and
almost a linear temperature dependence with a residual
resistivity of ∼ 16 µΩ cm (at 1.85 K) and residual re-
sistivity ratio of ∼ 5. The low temperature resistivity
data show a broad curvature with a maximum near 15
K which can be attributed to the crystal field effect as
revealed by the specific heat data discussed above. An
extremely weak effect of magnetic field is observed on the
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FIG. 9. (colour online) The temperature dependence of elec-
trical resistivity of PrRuSi3 measured in zero magnetic field.
The inset shows the expanded view below 50 K for different
applied magnetic fields.
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FIG. 10. (colour online) The µSR spectra of PrRuSi3 collected
at various temperatures ( 1.2 K, ◦ 8 K, △ 12 K, ▽ 20 K, ⋄
30 K). The solid lines are the fits to the data as discussed in
the text.
electrical resistivity anomaly up to the investigated field
of 9 T.
In order to further probe the nature of the ground
state of PrRuSi3, spin-glass behavior versus long range
antiferromagnetic order, we have carried out zero-field
µSR study. The µSR spectra were collected while warm-
ing the sample in zero field. Fig. 10 shows µSR spectra
of PrRuSi3 at various temperatures in the temperature
range 1.2 – 30 K. A marked change is observed in the
muon depolarization rate for the temperatures above and
below 12 K (Fig. 10), the temperature close to 9 - 10 K
at which we have observed the anomaly in the dc and ac
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FIG. 11. (colour online) The temperature dependence of (a)
the initial asymmetries A0 and A1, (b) the precession fre-
quency ω, (c) the depolarization rate σ, and (d) the depolar-
ization rate λ. The solid line in (b) is a guide to the eye.
magnetic susceptibility. Above 12 K, the µSR spectra can
be described by a simple exponential decay, indicating
that the muons are sensing paramagnetic fluctuations.
However, below 12 K the µSR spectra are best described
by a heavily damped oscillating function, namely,
Gz(t) = A0cos(ωt+ ϕ)exp(−σ
2t2) +A1exp(−λt) + C
where A0 and A1 are the initial asymmetries, ω is the
precession frequency, φ is the phase, λ and σ are the
depolarization rates, and C is the background. The tem-
perature dependencies of these parameters are shown in
Fig. 11. Fig. 11(a) clearly shows that at 12 K there
is a loss of asymmetry in A1 to 1/3 the high tempera-
ture value. At the same temperature an increase in A0
is observed together with an increasing frequency (see
Fig. 11(b)), indicating the presence of a long range or-
dered state in PrRuSi3 which contrasts the specific heat
observation of no long range magnetic ordering. The solid
line in Fig. 11(b) is a guide to the eye and emphasizes
the salient feature, namely that at the points of inter-
est in the magnetization, T = 5 and 9 K, the frequency
shows plateaus which indicates a spin-reorientation. Fig-
ures 11(c) and 11(d) show the temperature dependence of
the muon depolarization rates. It is interesting to note
that σ continues to increase as the temperature is re-
duced, which is contrary to the expected temperature
dependence for a static long range magnetically ordered
system. This may suggest that there may be a degree of
frustration in PrRuSi3 in line with the magnetization and
specific heat data. Furthermore, the support of the spin-
glass behavior in a homogenous system arises from the
well-defined crystal field excitations in this compound.
As expected the temperature dependence of λ shows a
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FIG. 12. (colour online) (a) Neutron diffraction pattern of
PrRuSi3 recorded at 25 K. The solid line through the exper-
imental points is the Rietveld refinement profile calculated
for BaNiSn3-type tetragonal (space group I4 mm) structural
model. The vertical bars indicate the Bragg positions. The
lowermost curve represents the difference between the exper-
imental data and calculated results. Neutron diffraction pat-
tern of PrRuSi3 recorded at 1.8 and 25 K together with their
difference (b). No magnetic Bragg peaks are observed in the
difference plot.
peak at the ordering temperature and also continues to
rise as the temperature is reduced, again indicating slow
down of spin dynamics.
In order to explore the nature of long range order ob-
served in µSR study we performed a low temperature
neutron diffraction. The neutron diffraction patterns of
PrRuSi3 recorded at 1.8 and 25 K are shown in Fig. 12.
A comparison of 1.8 and 25 K data (above and below
the transition temperature) reveals no magnetic Bragg
peak (Fig. 12(b)), the very small peaks observed in dif-
ference plot are due to the imperfect subtraction of data
sets. This indicates that the long range ordered state
moment of the Pr ion is below 0.2(1) µB. A structural
Rietveld refinement of 25 K neutron diffraction pattern
(Fig. 12(a)) reveals single phase nature of sample with
crystallographic parameters very close to what have been
extracted from the room temperature X-ray diffraction
FIG. 13. (colour online) Inelastic neutron scattering response,
a color-coded map of the intensity, energy transfer (E) versus
momentum transfer (Q) of PrRuSi3 measured with the inci-
dent energy Ei = 6 meV (top) and 20 meV (bottom) at 4.7
K and 20 K.
pattern. At 25 K the lattice parameters are a = 4.2162(5)
A˚ and c= 9.9339(14) A˚, and that at 2 K are a= 4.2161(5)
A˚ and c = 9.9340(14).
As discussed above the µSR study shows an evidence
for the presence of long range magnetic order, however
the specific heat and neutron diffraction results suggest
that there is no long range magnetic ordering in PrRuSi3,
it seems that the moment is weak which is sensed by
muons but not manifested in the specific heat and neu-
tron diffraction measurements. A rough estimate of mag-
netic moment from µSR suggests a moment of ∼ 0.05 µB
in PrRuSi3. Further, considering that the ground state is
a singlet, the observation of weak moment in µSR mea-
surements suggest an induced magnetic moment behav-
ior in PrRuSi3 due to low lying crystal field excitations.
Therefore in order to understand the origin of spin-glass
and/or induced moment magnetism in PrRuSi3 we have
performed the inelastic neutron scattering (INS) study
to investigate crystal field excitations and their energy
scheme. Neutrons with incident energy Ei = 6, 20 and
40 meV were used to record the INS spectra at 4.7, 20 and
50 K for scattering angles between 3o and 135o. The spec-
tra have been corrected for the background signal and the
absolute normalized response (in units of mbr/sr/meV),
using vanadium standard, is presented in Fig. 13 as a
color-coded map of the intensity, energy transfer versus
momentum transfer, for scattering from PrRuSi3 mea-
sured with 6 meV and 20 meV incident neutron energies
at 4.7 K and 20 K. The presence of sharp inelastic exci-
tations near 2.4 meV and 14.7 meV are clearly observed
in the INS spectra at 4.7 K. Further we observe that the
peak position of both 2.4 meV and 14.7 meV excitations
remain nearly invariant from 4.7 to 50 K, which suggest
that these excitations are the result of the crystal field ef-
fects, indirectly reflecting an absence of spin wave contri-
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FIG. 14. (colour online) The Q dependence of total intensity
integrated between 2 and 3 meV at 4.7 K for incident energy
Ei = 20 meV. The solid line represents the square of the Pr
3+
magnetic form factor, scaled to 200 at Q = 0.
butions, which one would expect below the magnetic or-
dering temperature. Consistent with neutron diffraction
data we did not find any magnetic Bragg peak in Q-cuts
(integrated over the elastic line from −1 to 1 meV) at 4.7
K, which suggests that long range order if present in this
compound has very small magnetic moment, which can
not be detected in the present data. At 20 K we can see
a weak intensity near 12.3 meV, which is due to excited
transition from the ground state to excited state doublet
(Fig. 13, right bottom). The Q-dependent integrated in-
tensity between 2 and 3 meV at 4.7 K follows the square
of Pr3+ magnetic form factor [F 2(Q)] (Fig. 14), which
suggests that the inelastic excitations result mainly from
single-ion CEF-transitions. The F 2(Q) behavior of the
Q-dependent integrated intensity indicates a very small
phonon contribution for |Q| < 3 which we have used for
crystal field analysis. A similar behavior was also found
for 14.7 meV peak. We have therefore not corrected the
spectra for phonon contribution and we presumed that
the presence of weak phonon part, if it is present would
not affect our analysis for the low |Q| data based on the
CEF model.
The INS spectra were analyzed further to obtain the
full information about crystal field levels scheme. The
crystal field Hamiltonian for the Pr ion having a tetrag-
onal point group (D4h) symmetry in PrRuSi3 is given
by
HCEF = B
0
2O
0
2 +B
0
4O
0
4 +B
4
4O
4
4 +B
0
6O
0
6 +B
4
6O
4
6
where Omn are the Stevens operator and B
m
n are the phe-
nomenological crystal field parameters that is determined
from the experimental results of inelastic neutron scat-
tering. The action of crystal electric field tends to remove
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FIG. 15. (colour online) The inelastic neutron scattering spec-
tra of PrRuSi3 measured with incident energy Ei = 6 meV
for momentum transfer |Q| less than 3 A˚−1 at different tem-
peratures. The solid lines represent the crystal electric field
fits. Different dotted, dashed, dashed-dotted lines correspond
to the different components of the fit.
the degeneracy of the 4f ground multiplet. For tetrag-
onal symmetry the nine fold-degenerate ground state of
Pr3+ (J = 4) splits in five singlets (Γ
(1)
t1 , Γ
(2)
t1 , Γt2, Γt3,
Γt4) and two doublets (Γ
(2)
t5 , Γ
(1)
t5 ), the Γj ’s are the irre-
ducible representations of the point group.
The solid lines in Fig. 15 and Fig. 16 represent the fit
to the CEF model for simultaneous refinement of all six
data sets for 6, 20 and 40 meV incident energies (from
4.7, 20 and 50 K). The phenomenological crystal field pa-
rameters Bmn obtained from the best fit are B
0
2 = 0.4268
(± 0.0025) meV, B04= 0.1031 (± 0.0009) × 10
−2 meV,
B06 = 0.3151 (± 0.0018) × 10
−4 meV, B44 = -0.1996
(± 0.0016)× 10−1 meV, and B46 = 0.1563 (± 0.0008) ×
10−2 meV. The crystal field level scheme corresponding
to these Bmn parameters has a singlet (Γt4) ground state
followed by a singlet (Γ
(1)
t1 ) at 1.87 meV, a doublet (Γ
(2)
t5 )
at 2.45 meV, another doublet (Γ
(1)
t5 ) at 13.41 meV, and
three singlets Γt3, Γt2 and Γ
(2)
t1 respectively at 15.06 meV,
23.73 meV and 24.40 meV. The crystal field level scheme
of the Pr3+ ions in PrRuSi3 obtained this way is shown
in Fig. 17. To compare, spin-glass system PrAu2Si2 also
has a singlet Γt4 ground state, lying below a doublet first
excited state Γ
(2)
t5 at 0.72 meV and second excited singlet
Γ
(1)
t1 at 7.18 meV.
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It is worth to mention here that though the first excited
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FIG. 16. (colour online) The inelastic neutron scattering spec-
tra of PrRuSi3 measured with incident energy Ei = 20 and 40
meV for momentum transfer |Q| less than 3 A˚−1 at different
temperatures. The solid lines represent the crystal electric
field fits. Different dotted, dashed, dashed-dotted lines corre-
spond to the different components of the fit.
state is a singlet at 1.87 meV, there is no transition from
the ground state to the first excited state, the matrix ele-
ment is zero, the nonzero matrix elements for the transi-
tions from ground state to the excited states are obtained
only for the transitions shown by arrows in Fig. 17. Thus
at temperatures close to the freezing temperature, which
is well below 155 K (13.41 meV), PrRuSi3 is effectively
a two-level system. The specific heat calculated with the
crystal field scheme presented in Fig. 17 is shown by solid
line in Fig. 8. A good agreement between the experimen-
tally observed specific heat data and the calculated one
validates the obtained CEF level scheme.
Now let us discuss the µSR finding of weak moment
taking into consideration that the PrRuSi3 has a singlet
ground state as deduced from inelastic neutron scatter-
ing and specific heat measurements. For a singlet ground
state system the existence of magnetic order critically de-
pends on the ratio Jex/∆, where Jex is the Heisenberg ex-
change interaction and ∆ is the crystal field splitting en-
ergy between the ground state and the excited state cou-
pled by the matrix element α.31 Above a critical value of
Jex/∆ system undergoes a self-induced spontaneous or-
dering. The mean-field critical temperature below which
self-induced moment forms spontaneously in a two-level
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FIG. 17. (colour online) Crystal electric field level scheme of
the Pr3+ ions in PrRuSi3 deduced from the inelastic neutron
scattering experiment. The transitions from the ground state
to the excited states that contribute to the observed excita-
tions are shown by arrows.
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FIG. 18. (colour online) The mean-field calculated Tc as a
function of the exchange energy, Jex, for the singlet-doublet
transition, ∆ = 2.45 meV. The vertical dotted line shows Jex
= 0.32 meV for PrRuSi3, which gives ordering temperature
∼ 11.5 K that is very close to peak in the susceptibility at 9.8
K.
system is given by16
Tc = ∆
{
ln
[
Jexα
2 + n∆
Jexα2 − n∆
]}−1
where n is the degeneracy of the excited state and α is
the the matrix element between the ground state singlet
and excited state doublet. A plot of the Tc calculated
from this expression as a function of Jex for n = 2, α
2
= 9.58 and ∆ = 2.45 meV is shown in Fig. 18. From
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Fig. 18 it follows that the exchange energy must be Jex
= 0.30 meV for PrRuSi3 to have an induced moment
ordering below Tc = 9.8 K. A rough estimate of Jex fol-
lowing the approach used to estimate the Jex for Pr in
reference 29, i.e. using ∆ ≈ 2(gJ − 1)Isf < Jz > and
Jex = 0.85Isf , yields Jex = 0.32 for PrRuSi3 which is
very close to the mean-field required value of Jex for an
induced moment magnetic ordering below 9.8 K. There-
fore this clearly suggests that PrRuSi3 undergoes an in-
duced moment ordering below 9.8 K. The value of Jex/∆
= 0.122 for PrRuSi3 is comparable but little higher than
the corresponding Jex/∆ = 0.085 for PrAu2Si2.
16 Fur-
thermore, as in the case of PrAu2Si2, if the exchange cou-
pling is very close to the critical value required to induce
the magnetic order, the dynamic fluctuations of crystal
field levels can destabilize the induced moment long range
magnetic order resulting in a frustrated ground state,
i.e. spin-glass type behavior. The dynamic fluctuations
of crystal field levels is the leading mechanism for spin-
glass behavior in PrAu2Si2.
16 For our system PrRuSi3 it
seems that the Jex/∆ is higher than the critical value, re-
sulting in an induced magnetic order as sensed by µSR,
however the value of Jex/∆ is not high enough to be
unaffected by the dynamic fluctuations of crystal field
levels and a frustrated ground state is realized together
with induced moment magnetism. The two contradictory
ground states, spin-glass and magnetic order, can be ex-
plained if the dynamic fluctuation time of the induced
moment is smaller than the muon probing time window.
In this case, the muon will observe the presence of an in-
ternal field, whereas the magnetization will observe the
spin-glass behavior.
IV. CONCLUSIONS
We have investigated the magnetic and transport prop-
erties of PrRuSi3 using various experimental techniques.
Our dc and ac magnetization studies reveal the signatures
of non-canonical spin-glass behavior in this compound
with the freezing temperature Tf ∼ 9.8 K. The thermo-
remnant magnetization in spin-glass state is found to re-
lax with a very high mean relaxation time τ = 13357 s.
The magnetic and thermal properties are strongly influ-
enced by the crystal field effect that manifest as a broad
anomaly in the specific heat and electric resistivity. The
µSR data show the presence of long range magnetic or-
dering below 12 K with very small internal field at the
muon site. The inelastic neutron scattering confirms a
singlet CEF ground state and a possibility of the induced
moment magnetism arising from the excited CEF dou-
blet at 2.45 meV in the presence of strong exchange in
PrRuSi3. The CEF level scheme of PrRuSi3 is very sim-
ilar to that of PrAu2Si2 in which the spin-glass behav-
ior arising from the dynamic fluctuations of the crystal
field levels has been observed. This leads us to believe
that the origin of spin-glass behavior in PrRuSi3 lies in
the dynamic fluctuations of crystal field levels. Consid-
ering the two contradictory ground states of PrRuSi3,
spin-glass behavior seen in the magnetization and specific
heat study and long range ordering observed in the µSR
study, we suspect that the time of dynamic fluctuations
of the induced moments is smaller than the muon prob-
ing time window, therefore muon observes the presence
of an internal field and hence the ordered state, whereas
the magnetization observes the spin-glass behavior. Fur-
ther, the value of the transition temperature of PrSuSi3
increases with frequency of the probe, i.e., the ac sus-
ceptibility shows the peak at 10 K (at 10 KHz), while
muon frequency in MHz shows the highest ordering tem-
perature at 12 K. Thus the overall behavior of PrRuSi3
leads us to characterize it as an induced moment spin-
glass system, however further investigations preferably
on single crystals are highly desired to understand better
the mechanism of spin-glass behavior and induced mo-
ment magnetism in this well crystallographically ordered
compound.
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